The kinetics of reduction of indigocarmine-dye-oxidized Fe protein of nitrogenase from Klebsiella pneumoniae (Kp20X) by sodium dithionite in the presence and absence of MgADP were studied by stoppedflow spectrophotometry at 23°C and at pH 7.4. Highly co-operative binding of 2MgADP (composite K > 4 x 101 M-2) to Kp20. induced a rapid conformation change which caused the redox-active 4Fe-4S centre to be reduced by SO2-(formed by the predissociation of dithionite ion) with k = 3 x 106 M-1 s-'. This rate constant is at least 30 times lower than that for the reduction of free Kp2o, (k > 108 M-1 s-1). Two mechanisms have been considered and limits obtained for the rate constants for MgADP binding/dissociation and a protein conformation change. Both mechanisms give rate constants (e.g. MgADP binding 3 x 105 < k < 3 x 106 M-1 s s-' and protein conformation change 6 x 102 < k < 6 x 103 s-') that are similar to those reported for creatine kinase (EC 2.7.3.2). The kinetics also show that in the catalytic cycle of nitrogenase with sodium dithionite as reductant replacement of 2MgADP by 2MgATP occurs on reduced and not oxidized Kp2. Although the Kp20x was reduced stoichiometrically by SO2-and bound two equivalents of MgADP with complete conversion into the less-reactive conformation, it was only 450 active with respect to its ability to effect MgATP-dependent electron transfer to the MoFe protein.
INTRODUCTION
Klebsiella pneumoniae nitrogenase comprises two metalloproteins: the MoFe protein (Kpl) has an Mr of 218000 and contains 32 Fe and 2 Mo atoms and the Fe protein (Kp2) with an Mr of 68 000 contains 4 Fe atoms. Nitrogenase catalyses the reduction of N2 to 2NH3 with concomitant stoichiometric evolution of H2. The eightelectron reduction cycle is coupled to the hydrolysis of 16 MgATP to yield 16 MgADP+ 16 Pi {see Burgess (1985) , Lowe et al. (1985) , Orme-Johnson (1985) , Stephens (1985) and for recent reviews of the structure and mechanism of nitrogenase action].
Thorneley & Lowe (1983) determined the rate constants that are -sufficient to describe a singleelectron-transfer cycle in which two equivalents of MgATP are hydrolysed (Scheme 1). The coupling of eight of these cycles formed the basis for their comprehensive mechanism of nitrogenase action (Lowe & Thorneley, 1984a,b; Thorneley & Lowe, 1984a,b) . Thorneley & Lowe (1983) measured the rate of reduction of Kp20. (MgADP)2 by S02-(k+4= 3 x 106 M-1 s-).
Their success in stimulating the dependence of H2 evolution rates on Na2S204 (sodium dithionite-) concentration justified their assumption that this -second-order rate constant dominated the kinetics of the reactions occurring in step 4 in Scheme 1. However, they did recognize the 'apparent' nature of k+4 inasmuch as step 4, Scheme 1, comprises several reactions. These include the dissociation of two equivalents of MgADP, followed by the association of two equivalents of MgATP to either Kp2o. or Kp2, the reduction by SO2-of Kp20x, Kp2ox(MgADP)2, Kp2ox(MgATP)2 and possibly Kp20. (MgADP, MgATP) . Several additional features further complicate a detailed kinetic analysis of these reactions. Kp2 and Kp2ox undergo MgATP-and MgADP-induced conformation changes, as was shown by changes in the symmetry of the e.p.r. feature at g = 1.94 for Kp2 (Lowe, -1978) and in the c.d. spectrum for Kp2ox (Stephens et al., 1982) . Further evidence for nucleotide-induced conformation changes in Kp2, Cp2 and Av2 is the increased sensitivity to 02. inactivation (Smith et al., 1976) , altered reactivity of protein -SH groups (Thorneley & Eady, 1973; Walker & Mortenson, 1973; Hausinger & Howard, 1983) and increased rates of chelation of Fe by xoc-bipyridyl or bathophenanthroline sulphonate (Walker & Mortenson, 1974; Ljones & Burris, 1978; Howard et al., 1985) . The midpoint potentials of Cp2 and Av2 become -100 mV more negative when MgATP or MgADP bind (Zumft et al., 1974; Watt, 1985; Morgan et al., 1986) .
The -two e.p.r. signals associated with the reduced 4Fe-4S cluster in AV2 (Hagen et al., 1985; Lindahl et al., 1985; Watt & McDonald, 1985) , Kp2 (D. J. Lowe, personal communication) and Cp2 (Morgan et al., 1986) which arise from electron spin S = 1/2 and S = 3/2 systems are most likely associated with two conformation Vol. 246 Abbreviations used: the nitrogenase components of the various organisms are denoted by a capital letter indicating the genus and a lower-case letter indicating-the species; the number 1 indicates the Mo,Fe-containing protein and the number 2 the Fe-containing protein: Kp, Klebsiella pnewnoniae; Av, Azotobacter vinelandii; Ac, Azotobacter chroococcum; Cp, Clostridium pasteurianum. The subscript Ox (e.g. Kp20, ) indicates the oxidized spees.
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states of the protein. However the effect of MgATP and MgADP on the equilibrium between these conformation states is unclear (Hagen et al., 1985; Morgan et al., 1986 ).
An additional complication in kinetic analyses involving Kp2 is that Lowe & Thorneley (1984a,b) and Thorneley & Lowe (1984a,b) showed that Kp2 protein with a specific activity of -1500 nmol of H2 evolved * min-' mg of protein-' is only 40% active. The 60% of the protein that is inactive with respect to electron transfer to Kp 1 is still capable of binding to Kpl with kinetic constants characteristic of Kp20.(MgADP)2.
Although inactive with respect to electron transfer, this form of Kp2 is active in the sense that by binding to Kpl it helps to suppress competing H2 evolution and promotes N2 reduction, particularly under conditions of low electron flux . Thus the inactivation may not be an artefact of the proteinisolation procedure but a regulatory mechanism similar to that identified in Rhodospirillum rubrum (Lowery & Ludden, 1985) and other nitrogen-fixing bacteria (Saari et al., 1986 , and references therein).
In the present paper we have used indigocarmineoxidized Kp2 with a similar specific activity to that used by Lowe & Thorneley (1984a,b 
MATERIALS AND METHODS Enzyme preparation
The nitrogenase component proteins from Klebsiella pneumoniae (oxytoca) N.C.I.B. 12204 were purified, assayed and the Mo and Fe contents determined as previously described (Thorneley & Lowe, 1983) . Kpl protein had a specific activity of 1800 nmol of ethylene produced * min-' mg of protein-1 contained 1.30 + 0.1 gatom of Mo mol-h. Kp2 protein had a specific activity of 1500nmol of ethylene produced min-l mg of protein-' and contained 3.7 + 0.2 g-atom Fe mol-1. The e.p.r. signal with gav. = 1.95 integrated to 0.5 electron spins/mol of Kp2.
Kp2 protein was oxidized with indigocarmine dye (AnalaR grade; BDH Chemicals, Poole, Dorset, U.K.), which had been immobilized on an anion-exchange resin (Dowex AG1-X8; Bio-Rad, Watford, Herts., U.K.). Pre-washed resin was equilibrated with an aqueous saturated solution of indigocarmine, and excess dye was removed by washing on a sintered-glass funnel with distilled water. The dark-blue-coloured redox-active resin was suspended in deoxygenated buffer (25 mmHepes/lO mM-MgCl2, pH 7.4) and used as follows. A column was set up comprising, sequentially from its base, Bio-Gel P-6DG (Bio-Rad) (20 cm x 0.7 cm), native washed Dowex AG1-X8 resin (1.0 cm x 0.7 cm) and Dowex AG1-X8 with bound indigocarmine (5.0 cm x 0.7 cm). The small layer of native Dowex AG1-X8 resin binds any dye displaced from the redox-active resin during downward elution of the protein. The Bio-Gel P-6DG also removes oxidation products and ensures that the eluted oxidized Kp2 protein is in a defined buffer. After equilibration of the column with deoxygenated buffer (25 mmHepes/lO mM-MgCl2, pH 7.4), Kp2 protein (1 ml; 30 mg/ml with 1 mM-Na2S204) was loaded on to the column and kept in contact with the redox-active resin for about 20 min. The top 0.2 cm of the redox-active resin turned orange, presumably owing to the rapid reaction with Na2S204, but the large excess of bound dye equivalents ensured that the bulk of the resin did not change colour. Oxidized Kp2 protein (-1.5 ml) was eluted from the column, and the degree of oxidation (85-97%) was determined by e.p.r. spectroscopy using the amplitude of the feature at g = 1.95 relative to that of a sample of protein which had been reduced by Na2S204 (1 mM All biochemicals were purchased from Sigma Chemical Co., Poole, Dorset, U.K., and salts from BDH Chemicals, Poole, Dorset, U.K. Sodium dithionite (80-85% purity) solutions were standardized by spectrophotometric titration with K3FeCN,. All reactions were studied in a medium containing 25 mM-Hepes buffer (pH 7.4)/10 mM-MgCl2 at 23 'C.
Instrumentation
Stopped-flow spectrophotometry was performed with a commercially available Aminco apparatus (0.92 cm pathlength) modified to improve thermostatic control (Thorneley, 1974) . The apparatus was installed in a high-integrity glove box through which N2 gas was circulated and an 02 concentration less than 1 p.p.m. maintained (Thorneley & Lowe, 1983) . Protein and reagent solutions were prepared inside the glove box. Oxidized Kp2 protein in both the presence and absence of MgADP retained full activity over the periods of up to 4 h that were necessary to complete kinetic experiments. Kp2 samples for e.p.r. spectroscopy were prepared in the glove box as previously described (Thorneley & Lowe, 1983) and spectra recorded on a Bruker ER200D e.p.r. spectrometer at 18 K, 20 mW power at 9.4 GHz, using 10 G field modulation at 100 kHz. U.v.-visible absorption spectra were recorded on a Perkin-Elmer Lambda-5 spectrophotometer, thermostatically controlled at 23 'C in quartz cuvettes (1 cm pathlength).
Stopped-flow data were recorded and analysed on a Digital Equipment Co. PDP1 134A computer interfaced to the stopped-flow spectrophotometer via a BBC model B microcomputer. Rate constants were obtained by fitting the recorded data to exponential functions using least-squares minimization and NAG subroutine E04JBF.
Kinetic theory
The dissociation reaction of dithionite ion (S2042-) (eqn. 1) complicates the kinetic analysis of reactions in which it acts as a reductant (eqn. 2) (A is the species being reduced to give the product, B):
Although both S2042-and SO2-have been shown to be active species in the reduction of proteins (Lambeth & Palmer, 1973; Creutz & Sutin, 1973) , only SO2-functions in the nitrogenase system (Thorneley et al., , 1979 Watt & Bums, 1977; Hageman & Burris, 1978; Thorneley & Lowe, 1983 
where K, = k+11k-= 1.4 nm at 23°C (Thorneley & Lowe, 1983 
The reaction will be zero-order in [A] , and linear absorbance changes associated with the disappearance of A will be observed. The slopes of these changes will be proportional to the dithionite-ion concentration. This rate expression applies to the reduction of Kp20. Eqn. (4) together with k+1 = 1.8 s-5 gives 4.5 mm-' cm-' as the change in extinction coefficient (As) of Kp2o. at 430 nm on reduction. The observations and conclusions are essentially the same as those made previously for the initial phase of the reaction of SO2-with Ac20. The initial slopes of stopped-flow absorbance-time traces (example shown in Fig. 1 The amplitudes of stopped-flow traces similar to those shown in Fig. 4 (Zumft et al., 1974; Watt, 1985; Morgan et al., 1986) 4), whereas in the presence of MgADP, Ac430 = 4.0 + 0.2 mm' cm-' (see Fig. 4 Kp20x (k+5) and the consequent conformation change (k+8) to yield Kp20*(MgADP)2 compete effectively with the direct reduction of Kp20x (k+3). Fig. 6 shows a double-reciprocal plot for these data. The Syringe A contained Kp2ox (74 /UM) and Kp2 (< 2 gM).
Syringe B contained MgADP (1.0 mM) and Na2S204 (0.8-40 mM); both syringes contained Hepes (25 mM) and MgCl2 (10 mM). Eqns. (1) and (6) then yield 6 x 103 s-1 > k+8 > 6 x 102 s-. The assumption above that' at [MgADP] < 1 mm then k+8 > k+5 [MgADP] is validated provided it is remembered that the values of k+8 and k+5 both depend on the limit set for k+3 and therefore cannot -be varied within their limits independently. Fig. 7 shows the amplitude of the slow phase,
[Kp20*(MgADP)2 reacting with SO2-via k+4] as a function of [S2042-14 at a constant MgADP concentration. One syringe contained Kp2ox and the other Na2S204 and MgADP. As the concentration of Na2S204 is increased, the amplitude of the slow phase decreases, owing to significant reduction of the rapidly reacting species Kp2o. and Kp20x(MgADP)2 by SO2-(k+3) (Scheme 2). The point corresponding to [Na2S204 = 0 was calculated by using an Ae430 value of 4.0 mm-' -cm-', with the assumption that all the Kp2ox is present as the slow-reacting species Kp2* (MgADP)2. The smooth extrapolation of the data points to the calculated point on the ordinate axis is consistent with our earlier conclusion that the equilibrium constant K8 = k+8/k-8 > 10 (see also Figs. 4 and 5 and related discussion). Similarly the conclusion that K7 < 5 x 10-2 is consistent with the amplitude in Fig. 7 tending to zero as [Na2S2O] increases. Fig. 8 shows the observed first-order rate constants (kobs.) for the slow phase as a function of 1S2042-14. These Fig. 7 . The linear dependence through the origin confirms a reaction with SO2-as the active reductant and, using eqn. 3 (with k+4 replacing k+2), the slope yields k+4 = 3.0-x 106 M-1 s-1, in agreement with a previously obtained value (Thorneley & Lowe, 1983) . At the lowest concentration of Na2S204 (0.8 mM), kobs = 3.7 s-1, and this allows an estimate of k-8 < 2 s-' to be made. If k-8 were larger, then the line in Fig. 8 would curve towards a limiting value of kobs. > 0 as [Na2S2OJ4+0. If k-8 < 2 s-1, and with 6 x 103 s-' > k+8 > 6 x 102 S-1 (eqn. 6 and related discussions above) then K8 = k+8/k8 > 300, which is consistent with the estimate of K8 > 10 made above after consideration of trace b (Fig. 4) .
The alternative pathway involving k+7, k7, k+, and k-6 in Scheme 2 will now be considered. The data in Fig. 6 show that when [MgADP]= 1 mm with
[Na2S204] = 8 mm (intercept B), half of the Kp2o. is reduced directly (k+3) and half after conversion into Kp20* or Kp20*(MgADP)2 (k+4). At these concentrations of MgADP and Na2S204, eqn. (7) applies:
assuming k7 > k+6 [MgADP] . Since 108 < k+3 < 109 M-1 s-1, then 3 x 106 > K7k+6 > 3 x 105 M-1 * s-1, and with K7 < 5 x 10-2, then k+6 > 6 x 106 M-1 .S-1.
The curvature in Fig. 6 can be explained if, at
[MgADP] > 1 mm, the conformation change (k+7) limits the rate of conversion of Kp20. into Kp2* (MgADP)2.
The ratio of the amplitudes calculated from the points A and C in Fig. 6 (ratio = 0.5; eqn. 6) are related to k3 and k7 by eqn. (8) (Fig. 5) . The data do not allow a more complete analysis in which the sequential binding and dissociation of 2MgADP are considered. Hammes & Hurst (1969) measured the rate constants for MgADP binding (k = 5 x 106 M-1 s-1) and a subsequent induced conformation change (1.7 x 104 S-1) in creatine kinase (EC 2.7.3.2.) at 11°C by using temperature-jump relaxation methods. These values are similar to those determined above for the analogous reactions occurring with Kp2ox (3 x 105 < k+5 < 3 x 106 M-l s-1; 6x 102 <k+8<6x 103 s-1). Thus the presence of a 4Fe-4S cluster, which is thought to undergo some distortion as a result of the protein conformation change (Lindahl et al., 1985) , does not greatly alter the kinetics of the conformation change. It is also consistent with the model of Hausinger & Howard (1983) for Av2, which shows MgADP binding at some distance from the 4Fe-4S cluster, which requires the effects of MgADP on the 4Fe-4S cluster to be mediated by the protein.
Electron transfer from Kp2(MgATP)2 to Kpl Kp2(MgATP)2 associates with Kpl (k > 5 x 107 M-1 s-') and is oxidized in an electron-transfer reaction that it coupled with the hydrolysis of MgATP (k = 2 x 102 S-1) (steps 1 and 2 in Scheme 1; see also Thorneley, 1975; Eady et al., 1978; Thorneley & Lowe, 1983; Lowe & Thorneley, 1984a,b (Thorneley & Lowe, 1983) . Therefore the amplitude of the absorbance change for the electron transfer reaction (step-2, Scheme 1) can be used to determine the competence of Kp2(MgATP)2 to effect the reduction of Kpl. Fig. 9 shows amplitude data for a titration of Kpl (9 /lM) with Kp2. The amplitude increases in a linear manner up to [Kp2] = 27 + 2 /gM, when it remains constant (0.06 absorbance units corrected to a 1 cm pathlength). showed that the Mo content of Kpl determined the number of active sites for electron transfer from Kp2(MgATP)2. The Kpl used in these studies contained 1.3 g-atom of Mo/mol of Kpl. Since 27 /SMKp2(MgATP)2 was required to saturate 12 /UM Mo sites (Fig. 9) , we conclude that the Kp2 was only 45% active with respect to electron transfer to Kpl. This conclusion is consistent with the ratio of the measured specific activity (1500 nmol of H2 produced * min-' -mg of Kp2-1) to the maximum theoretical specific activity predicted by of 4000 + 800 nmol of H2 produced min-l mg of Kpl-1. The single exponential increase in absorbance and the data in Fig. 9 are also consistent with the assumption of Lowe & Thorneley (1984a,b) and Thorneley & Cornish-Bowden, 1977) .
